PtRu nanoparticles with a diameter of 10-15 nm were electrodeposited within multiwalled carbon nanotube-Nafion (MWCNTNafion) nanocomposite. The formation of PtRu nanoparticles in MWCNT-Nafion nanocomposite was characterized by scanning electron microscopy, transmission electron microscopy, and energy dispersive X-ray spectroscopy. The electrocatalytic activity towards the methanol electrooxidation at PtRu-MWCNT-Nafion and Pt-MWCNT-Nafion nanocomposite-modified glassy carbon electrodes was investigated by cyclic voltammetry. The results indicated that the PtRu-MWCNT-Nafion nanocomposite was electrocatalytically more active than Pt-MWCNT-Nafion nanocomposite. The effect of atomic ratio of Pt : Ru on the electrocatalytic ability towards the methanol electrooxidation was investigated in order to achieve a high catalyst use. The PtRu bimetallic catalyst with 1 : 1 atomic ratio showed better electrocatalytic activity towards the methanol electrooxidation. The stability for the methanol electrooxidation at PtRu-MWCNT-Nafion nanocomposite modified was also investigated.
Introduction
Direct methanol fuel cell is an attractive power source for portable power applications and in electrical vehicles [1] . The anodic oxidation of methanol on electrode surfaces in acidic electrolytes is a catalytic reaction, in which the CO 2 and six electrons were produced. The main factors that limit the practical application of direct methanol fuel cell are the sluggish kinetics of methanol electrooxidation at anode and the poisoning of electrode surfaces. Therefore, the development of highly effective methanol electrooxidation catalysts seems very attractive. Pt shows a good electrocatalytic activity towards the methanol electrooxidation; however, it is easily poisoned by CO, the intermediates of methanol electrooxidation. Much effort has been made to develop Pt-based catalysts with higher CO poisoning tolerance and electrocatalytic activity. Improved electrocatalytic activity towards the methanol electrooxidation has been reported for Pt-based catalysts with other elements such as Ru [2] , Sn [3] , and Os [4, 5] . Among these Pt-based catalysts, PtRu bimetallic catalyst has shown the best electrocatalytic activity towards the methanol electrooxidation. The improvement of electrocatalytic activity towards the methanol electrooxidation with PtRu catalyst can be ascribed to the bifunctional mechanism. The CO removal process is achieved at PtRu catalyst because of the reaction of Ru-OH groups with neighboring CO adsorbed on Pt [1] .
Metal nanoparticles possess a high catalytic efficiency and a large surface-to-volume ratio [6] [7] [8] [9] [10] [11] [12] . A large variety of methods including impregnation [13] , colloidal deposition [14] , supercritical fluid [15] , and electrodeposition [16] have been reported for the synthesis of PtRu nanoparticles. The electrochemical route is an effective procedure when compared with others which are complexity of the fabrication steps and impurity might be involved during the preparation. The synthesis of PtRu nanoparticles on a suitable catalyst support which provides dispersion and stability is important in the field of direct methanol fuel cell. In recent studies, carbon nanotubes (CNTs) have been considered as a promising material for catalyst support because of their good electrical 2 Journal of Nanomaterials conductivity, high chemical stability, and large surface-to volume ratio [17] . The applications of CNTs in fuel cells as a catalyst support have been reported in literature [18] [19] [20] .
Nafion has been used as a medium for dispersion of CNTs in aqueous solution [21, 22] . By the combination of multiwalled carbon nanotube (MWCNTs) and Nafion, a stable electroanalytical nanocomposite film of MWCNTNafion can be prepared by a simple solvent casting process. MWCNT-Nafion-modified glassy carbon electrodes have been applied to electroanalytical applications [23, 24] . The aim of this study is to electrodeposite PtRu nanoparticles in MWCNT-Nafion nanocomposite in order to improve its electrocatalytic behavior for the methanol electrooxidation. The effect of the atomic composition of PtRu on the electrocatalytic ability towards the electrochemical oxidation of methanol is investigated and discussed.
Experimental
2.1. Reagents. K 2 PtCl 6 was obtained from Acros. Ruthenium(III) chloride hydrate and methanol were supplied by Sigma. Nafion (5 wt% in lower aliphatic alcohol) was purchased from Aldrich. Sulfuric acid was obtained from Fluka. The MWCNTs (TECO Nanotech Co., Ltd., Taiwan) used in this study were of ∼99% purity and synthesized by an electric arc discharge method. The reagents were used as purchased without further pretreatment. In this study, all solutions were prepared with deionized water of resistivity not less than 18 MΩ cm taken from a Milli-Q water purification system (Milli-Q, USA).
Apparatus.
Electrochemical experiments were performed with an Autolabe PGSTA30 Electrochemical Analyzer (Eco Chemie, Netherlands). A conventional threeelectrode system was carried out with a glassy carbon working electrode (3 mm diameter), a platinum wire counter electrode, and an Ag/AgCl (3 M KCl) reference electrode (all Metrohm., Switzerland). Scanning electron microscopy (SEM) images were obtained on a JSM-6700F (JEOL, Japan). Transmission electron microscopy (TEM) images were obtained using a JEM-2010 (JEOL, Japan).
Preparation of PtRu-MWCNT-Nafion NanocompositeModified Glassy Carbon Electrodes.
A 0.5 wt% Nafion solution was prepared by diluting 5 wt% Nafion solution with 0.1 M phosphate buffer solution (pH 7). A 10 mg MWCNTs were added to l mL 0.5 wt% Nafion solution with the aid of ultrasonic agitation for 1 hour to form a homogeneous MWCNT-Nafion solution. The glassy carbon electrode was polished with 0.3 and 0.05 μm alumina slurry and was rinsed with deionized water before modification. The MWCNTNafion nanocomposite film-modified glassy carbon electrode was prepared by casting a 6 μL of MWCNT-Nafion solution onto the surface of a glassy carbon electrode and drying under room temperature in the air. The PtRu nanoparticles were electrodeposited within the MWCNTNafion nanocomposite in a 0. RuCl 3 by cyclic voltammetry ranging from −1.0 to 0 V versus Ag/AgCl at a scan rate of 50 mV s −1 for 7 cycles. The atomic compositions of the PtRu nanoparticles electrodeposited in MWCNT-Nafion nanocomposite were analyzed by an energy-dispersive X-ray spectrometer. The content of PtRu in the MWCNT-Nafion nanocomposite was ca. 14 wt% which was determined by thermogravimetric analysis (not shown).
Results and Discussion

Characterization of PtRu nanoparticles with SEM, TEM, and Energy-Dispersive X-Ray Spectroscopy (EDS).
The electrodeposition of PtRu nanoparticles in MWCNT-Nafion nanocomposite was investigated by SEM and TEM and EDS was used to confirm the PtRu composition of the deposits. Figure 1 shows the SEM images of MWCNT-Nafion nanocomposite before and after electrodeposition of PtRu nanoparticles. The MWCNTs were well dispersed in the MWCNT-Nafion matrix that can be seen in Figure 1(a) . This means that Nafion is a suitable medium for the dispersion of MWCNTs and MWCNTs act as high conductivity nanowires throughout the MWCNT-Nafion nanocomposite. The electrodeposited PtRu nanoparticles were observed on the surface of MWCNTs (see Figure 1(b) ). Further information of the PtRu nanoparticles on the surface of MWCNTs was investigated by TEM. Figure 2 shows the typical TEM Journal of Nanomaterials images of MWCNT-Nafion nanocomposite before and after electrodeposition of the PtRu nanoparticles. In Figure 2(b) , it can be seen that PtRu nanoparticles were deposited in the MWCNT-Nafion nanocomposite with a diameter of 10-20 nm. The formation of PtRu nanoparticles within the MWCNT-Nafion nanocomposite is supported by EDS observation. Figure 3 shows the EDS patterns of MWCNTNafion nanocomposite before and after electrodeposition of PtRu nanoparticles. Figure 3(a) indicates that the C, O, and F were the major elements before electrodeposition. The C signal came from the MWCNTs and Nafion; O and F were derived from Nafion. In Figure 3(b) , the Pt and Ru elements can be seen after the electrodeposition of PtRu nanoparticles. Thus, we can conclude that the PtRu nanoparticles are indeed coelectrodeposited in the MWCNTNafion nanocomposite.
Effect of the Atomic Ratio of Pt : Ru on the Electrocatalytic Ability towards the Methanol Electrooxidation.
In order to investigate the effect of the atomic composition of PtRu on the electrocatalytic ability towards the electrochemical oxidation of methanol, the PtRu-MWCNTNafion nanocomposite-modified glassy carbon electrodes prepared with different atomic ratio of Pt : Ru were characterized by cyclic voltammetry in 2 M CH 3 OH + 1 M (Figure 4(a) ). The peak potentials were 0.669 and 0.513 V for the forward and backward scans, respectively. The forward anodic peak represented that the methanol was oxidized to carbon dioxide, and the reverse anodic peak resulted from the accumulation of carbonaceous species [1] . It can be seen in Figure 4 that the PtRu-MWCNT-Nafionmodified electrode exhibited a substantial negative shift of the forward anodic peak when the atomic composition of PtRu is changed from pure Pt to PtRu binary catalyst. The electrocatalytic oxidation is evident from the forward anodic peak potentials of methanol which are 0.522 and 0.669 V for PtRu(1 : 1)-MWCNT-Nafion and Pt-MWCNT-Nafionmodified electrodes, respectively. Further evidence of electrocatalytic ability at PtRu-MWCNT-Nafion nanocomposite can be observed from the ratio of the forward anodic peak current (I f ) to the backward anodic peak current (I b ). The I f /I b value shows the catalyst tolerance to accumulation of carbonaceous species [15] . From Figure 4 , the I f /I b values are 2.02, 6.55, 447.06, and 52.37 for the Pt-MWCNT-Nafion, PtRu(2.3 : 1)-MWCNT-Nafion, PtRu(1 : 1)-MWCNTNafion, and PtRu(1 : 2.1)-MWCNT-Nafion nanocompositemodified glassy carbon electrodes, respectively. High I f /I b value obtained at PtRu(1 : 1)-MWCNT-Nafion-modified glassy carbon electrode indicated that most of the intermediate carbonaceous species were oxidized to carbon dioxide in the forward scan at the PtRu(1 : 1)-MWCNT-Nafionmodified glassy carbon electrode. The optimal atomic ratio of PtRu(1 : 1) obtained in this study for direct methanol fuel cell is close to the previous report [2] . The improvement of methanol electrooxidation at the PtRu(1 : 1)-MWCNTNafion-modified electrode is attributed to the oxygenated species provided by Ru in the vicinity of Pt sites, which create additional active sites for CO ads oxidation [25] .
Electrochemical Impedance Spectroscopy Studies of the
PtRu-MWCNT-Nafion Nanocomposite-Modified Glassy Carbon Electrode. Electrochemical impedance spectroscopy was employed to investigate the methanol electrooxidation at PtRu-MWCNT-Nafion-modified glassy carbon electrode because it is a powerful technique to study the interface processes of modified electrodes. For comparison, a control experiment at the Pt-MWCNT-Nafion nanocompositemodified glassy carbon electrode was also carried out. Figure 5 shows the Nyquist plots of Pt-MWCNT-Nafion and PtRu(1 : 1)-MWCNT-Nafion nanocomposite-modified glassy carbon electrodes in 2 M CH 3 OH + 1 M H 2 SO 4 solution at a working potential of 0.6 V. The ac impedance spectrum was recorded in the frequency range 0.01-10000 Hz. Figure 6 shows the equivalent circuits used to simulate the impedance response. In Figure 6 , R s represents the solution resistance, R ct the charge transfer resistance associated with methanol electrooxidation, and CPE the constant phase element associated with the double layer capacitance [15] . In Figure 5 , the real axis intercept at high frequency was found to be independent of electrodes and corresponds to the uncompensated resistance of the bulk electrolyte solution (R s ). The R ct which controls the electron transfer kinetics of electroactive species at the electrode interface can be estimated from the diameter of the semicircle at higher frequencies. The R ct of the PtRu(1 : 1)-MWCNT-Nafionmodified glassy carbon electrode (3.72 KΩ) was smaller than that of Pt-MWCNT-Nafion-modified glassy carbon electrode (11.4 KΩ), indicating that the higher electrocatalytic activity towards the methanol electrooxidation was obtained at PtRu(1 : 1)-MWCNT-Nafion-modified glassy carbon electrode. This result is in accordance with the voltammetric responses of Figure 4 .
Stability of the PtRu-MWCNT-Nafion NanocompositeModified Glassy Carbon Electrode.
The stability of the electrocatalyst towards the methanol electrooxidation is crucial for practical applications. To investigate the stability of the PtRu(1 : 1)-MWCNT-Nafion and Pt-MWCNT-Nafion nanocomposite-modified electrodes to methanol electrooxidation, chronoamperometry was performed. Figure 7 shows the chronoamperometry curves for the PtRu(1 : 1)-MWCNT-Nafion and Pt-MWCNT-Nafion nanocompositemodified glassy carbon electrodes in 2 M CH 3 OH + 1 M H 2 SO 4 at an applied potential of 0.6 V. The current responses decreased sharply in the initial period of time at both the PtRu(1 : 1)-MWCNT-Nafion and Pt-MWCNTNafion nanocomposite-modified electrodes. This might be attributed to the formation of intermediate species such as CO ads during the methanol electrooxidation at the electrodes. The current response was higher at PtRu(1 : 1)-MWCNT-Nafion nanocomposite-modified electrode than that of Pt-MWCNT-Nafion nanocomposite-modified electrode after 3600 seconds. This indicates that the inclusion of Ru in PtRu-MWCNT-Nafion nanocomposite is able to alleviate surface passivation during the electrochemical oxidation of methanol. The higher electrocatalytic activity observed at PtRu(1 : 1)-MWCNT-Nafion nanocompositemodified electrode is ascribed to that the Ru promotes the oxidation of the strongly bound CO ads on Pt by supplying an oxygen source in the form of Ru-OH ads .
Conclusion
In this work we have demonstrated that PtRu nanoparticles with a diameter of 10-20 nm can be deposited in MWCNTNafion nanocomposite by an electroreduction method. It indicates that MWCNTs are good candidates for catalyst support because of their high surface-to-volume ratio. The resulting PtRu-MWCNT-Nafion nanocomposite is active for the electrochemical oxidation of methanol, which is oxidized at a lower potential than that of Pt-MWCNTNafion nanocomposite. The PtRu(1 : 1)-MWCNT-Nafion nanocomposites show a higher I f /I b value and a better stability than that of Pt-MWCNT-Nafion nanocomposites. This might be attributed to the bifunctional mechanism of Ru to Pt. It should be emphasized that the catalysts amount in the MWCNT-Nafion nanocomposite is also important for the preparation of methanol electrooxidation catalysts. The results presented in this paper demonstrate that the coelectrodeposition of PtRu in MWCNT-Nafion nanocomposite has a promising potential application in preparing bimetallic electrocatalysts for the development of direct methanol fuel cell.
